Abstract: Birds usually influence offspring survival through the amount of parental care they provide. Megapodes have evolved a different life history. Eggs are incubated by external heat sources, and chicks dig themselves out of their underground nest and live independently of their parents. Egg size is one of the few means by which females can influence chick survival. We found that in the Australian Brush-turkey, Alectura lathami Gray, 1831, eggs and hatchlings varied considerably in size, with a ratio of 1.62 between the largest and the smallest egg. Egg size was positively correlated with hatchling body mass and tarsus length. It also significantly predicted the chicks' motor performance: chicks from larger eggs dug their way out of their underground nest faster and were more active when kept in a resting box and monitored by motion detection software. The main advantage of reaching the surface more quickly is likely that such chicks will have more time to find suitable food, refuge, and a tree for roosting at night while still feeding on their internal yolk reserves. Egg size also interacted significantly with body mass during the first 10 months of life. A size advantage at hatching thus seems to have an immediate effect on motor performance and a longer term effect on the ability to gain mass.
Introduction
In birds and other egg-laying animals, parents can substantially influence offspring fitness and survival by varying the amount and quality of their parental care. In altricial birds, the young are completely dependent on being fed, watered, warmed, and kept clean by adults. In precocial birds, hatchlings are at a more advanced stage of development, but they nevertheless depend upon their parents for a short time. This general dependence on parental care makes it difficult to reveal the relative importance of a second means by which parents might influence offspring fitness: the allocation of resources to the egg and embryo ("egg quality"). Egg quality has often been discussed as a factor affecting offspring growth and survival, but unambiguous demonstrations are rare (Williams 1994; Bernardo 1996; Wolf et al. 1998; Christians 2002; McAdam et al. 2002) .
Usually, it is difficult to estimate the relative contributions of parental care and egg quality to offspring fitness (Bernardo 1996; Pelayo and Clark 2003) . Large females, for example, can confer a size benefit to their offspring through both larger eggs and increased maternal care (Amundsen and Stockland 1990; Crespi 2001) . Disentangling the two factors requires cross-fostering or other experimental manipulation of clutches (Magrath 1992; Williams 1994) .
Megapodes are an ideal system in which to study the allocation of resources to the embryo without the complication of posthatch effects. They are exceptional among birds because their chicks receive no parental care. Megapode eggs are incubated by external heat sources such as solar or volcanic heat in burrows or the heat produced by microbial decomposition of organic material in mounds of soil and leaf litter. Megapode chicks are highly precocial. They hatch in the soil, dig themselves out, disperse widely, and form no bonds with their parents (Jones et al. 1995) . Here, we suggest that in the absence of posthatch parental care, egg quality has the potential to play a major role in megapode reproduction. It appears to be one of the few means by which females can influence offspring fitness. Their unusual reproductive strategy thus makes megapodes an ideal group in which to study the effects of egg quality on chick growth and survival.
One aspect of egg quality is the way in which egg mass and size affect the survival and fitness of both mothers and their offspring (Roff 1992; Alisauskas 2001, 2002; Pelayo and Clark 2003) . These relationships have generated a large number of theoretical models of egg size evolution in the evolutionary ecology and life history literature (summary in Bernardo 1996) . The factors responsible for variation in egg size within populations or individuals are now well understood (summaries in Price 1998; Christians 2002) . Fewer studies, however, have applied cross-fostering or other experimental manipulations to reveal the effects of variation in egg size on the growth, motor performance, or survival of hatchlings (Moss et al. 1981; Amundsen 1995; Smith et al. 1995; Amundsen et al. 1996; Erikstad et al. 1998; Reed et al. 1999; Styrsky et al. 1999; Hipfner 2000; Pelayo and Clark 2003) .
The aim of the present study was to determine whether egg size affects hatchling growth and motor performance in the Australian Brush-turkey, Alectura lathami Gray, 1831, a megapode from the east coast of Australia. Strong motor performance is of particular importance for the hatchlings of this species because they face an unusual challenge: they have to dig through up to 170 cm of soil to emerge from their incubation mound (summary in Göth 2002) . A recent laboratory study has shown that there is marked variation in the speed with which individuals manage this task; chicks dug through a 40 cm high soil column in 26-55 h (mean 40 h) (Göth 2002) . Hatchlings need to remain in the soil for approximately 16 h after hatching to dry their plumage, detach the chorioallantoic membrane, and aerate their lungs and air sacs (Göth 2002) . Thereafter, reaching the surface quickly is likely to confer fitness advantages on the chicks, as they will have more time and energy to find suitable food and refuge while still feeding on their internal yolk reserves.
We first estimated overall variation in egg and chick size in the population and determined whether these traits were correlated with each other. We then tested whether egg and chick size (measured as tarsus length) predicted motor performance, assessed both as the speed at which chicks dug their way out of their underground nest and as general activity level. In addition, we tested whether growth rates differed between chicks from smaller and larger eggs.
Methods and materials

Study species
The Australian Brush-turkey (Megapodiidae, Galliformes) is common on the east coast of Australia, where it inhabits rainforests and occasionally also drier scrubby areas and suburban gardens. Males build and tend incubation mounds of fresh and decomposed leaf litter. Heat in the mounds is produced by microbial decomposition of the organic material, with an average incubation temperature of 34°C (Jones et al. 1995) . Females usually lay their eggs in the mounds of several males (Birks 1996 (Birks , 1997 . In captivity, they lay one egg every 2-5 days, and some lay >20 eggs per year (Fleay 1937; Baltin 1969; Birks 1996) . The breeding season lasts from July to February or March. Adults are dimorphic in size. The male's tarsus is, on average, 11.5% longer than the female's, their wing chord is 2.7% larger, and they weigh 16.7% more than females (estimated from data in Rogers et al. 1990 ). Adult males weigh 2520 g (SD 180 g, n = 37), and adult females weight 2160 g (SD 250 g, n = 23, Rogers et al. 1990 ).
Obtaining and measuring eggs and hatchlings
Eggs were obtained from natural incubation mounds and incubated artificially (details in Göth 2001) . For part I of the study, 42 eggs were collected from 22 incubation mounds in suburban Brisbane (27°S, 153°E). The 34 eggs collected for part II originated from 15 mounds in the central coast region north of Sydney (33°S, 151°E). We have no way of knowing how many females laid the eggs in each of these mounds, but it is typical for several females to lay in the same mound (Birks 1997 ). Our sample is thus drawn from a sufficient number of mounds to include substantial genetic variety, an important consideration in studies of egg size (Bernardo 1996) .
Length and width of all eggs were measured with sliding callipers (to the nearest 0.1 mm). We estimated egg volume (V; cm 3 ) from the well-established Hoyt (1979) equation: V = 0.00051 × length × breadth 2 . We used egg volume (hereafter, "egg size") as a surrogate for egg mass because eggs were collected at all stages during the 49-day incubation period and egg mass changes rapidly after laying as a consequence of embryonic growth (Jones et al. 1995) . In addition, egg size was strongly correlated with egg mass in a sample of eggs weighed and measured within 1 week of laying (Pearson's correlation, r = 0.901, p < 0.001, n = 18). The age of these eggs was determined by candling.
Hatchlings were removed from the incubator at the age of 0-8 h and weighed in a cotton bag (Pesola 500-g scale to the nearest 2 g). Tarsus length was measured with sliding callipers and chosen as the most accurate estimate of overall body size. Measurements of wing and beak length were impractical because the primaries were still wrapped in sheaths after hatching and the head feathers were wet and matted, obscuring parts of the beak.
Chicks were colour-banded and raised for 10 months in groups of four, with companions of approximately the same age, in large outdoor aviaries. Protein-rich crumble food and water were available ad libitum. Each month, chicks were weighed (Pesola 500-g scale to the nearest 2 g for younger chicks, Pesola 2000-g scale to the nearest 5 g for older chicks) and their tarsus length was measured with sliding callipers. Sex determination was possible both from cloacal examination and at the age of approximately 9 months, when males developed pronounced wattles and more colourful heads.
Part I: observations in the "digging box"
The aim of this study, which was conducted in the breeding season of 1999, was to correlate egg size, body mass, and tarsus length with the length of time that chicks spent in the soil while digging themselves out. Chicks were observed in two transparent boxes made of Perspex ® , which were covered with a black cloth and positioned in a dark room. The boxes were filled with a 40 cm high soil column and simulated the conditions in a natural incubation mound, although on a smaller scale. Heating was from the bottom, so the temperature of the soil was 34°C just above the base, 28°C at 20 cm height, and close to room temperature at 40 cm height (detailed description in Göth 2002) . Freshly hatched chicks were placed in the digging box one at a time, through a sliding door, by excavating a small hole in the soil that was just large enough to accommodate the bird. Chicks were observed with a hand-held light at intervals of 1-2 h and for sessions of 10-60 min. Details of their behaviour and time spent in the soil are provided in Göth (2002) . Here, we report on the correlations between egg size, body mass, and tarsus length and the time that chicks spent in the digging box. We use the "minimum" time described in Göth (2002) , as this is the most conservative measure.
Part II: observations of hatchling motor performance in the "resting box"
In part I of the study, chicks in the digging box were exposed to some variation in temperature when they came close to the top of the soil column, as room temperatures varied from 22 to 34°C over the course of the study. To account for the potentially obscuring effects of changing temperature, and to obtain a complementary measure of motor performance, we conducted a second study in the breeding season of 2002. We measured spontaneous motor activity, using motion detection software, at a constant temperature of 29°C. This approach also allowed us to rule out factors other than egg size, body mass, and tarsus length that could have influenced chick performance in part I of the study (e.g., differences in soil compaction or oxygen availability between observations).
Chicks were held individually within boxes that had a wire screen door and a 40-W red heat lamp at the back. Boxes were fitted with a branch for the chicks to roost on and the floor was covered with an artificial grass mat. It was not necessary to provide food and water because brushturkey hatchlings live on their internal yolk reserves while buried in the soil after hatching, a period which corresponds to the period during which activity was recorded (Göth 2002) . The box was placed within a large, dimly lit, soundattenuating chamber. A colour video camera (Panasonic WV-CL320) was trained upon the box to record the chick's movements. The output signal was digitized (384 × 288 pixels), using the built-in frame grabber video card of an Apple Power Macintosh 8600/200 computer, and analysed in real time using DeltaVideo™ software (Channel D Corp., version 6.0). This automatic motion detection program compared successive video frames (PAL standard, 25/s), with sensitivity set to the maximum level. A still image stamped with the time and date was captured whenever movement was detected and a text log file was automatically created at midnight each day.
Recording started when chicks were 8 h old, because the oldest chick moved into the resting box was of that age. Recording stopped at the age of 30 h, because this is the youngest age at which chicks had emerged from the soil column in the "digging box study" described above (Göth 2002) . The score used for analysis was the average number of movements recorded per hour.
Analysis
Egg size and motor performance
Statistical comparisons were conducted using SPSS (version 8.0, SPSS Inc., Chicago, Illinois). All tests were twotailed and an alpha level of 0.05 was used throughout. Initial data exploration indicated low heterogeneity of variance and approximately normal distributions. We therefore used parametric Pearson correlations to test whether egg size, tarsus length, or body mass was correlated with the time spent in the digging box (part I). Similarly, we tested whether egg size, tarsus length, or body mass was correlated with spontaneous activity in the resting box (part II).
Egg size and body mass or tarsus length
We analysed data using two-way ANOVAs (linear mixed model) as implemented in SPSS (version 11.5). The independent variables were sex, month, and egg size; the dependent variables were body mass and tarsus length. This method allowed the data to be treated as repeated measures while incorporating changes in the variance of the observations over months, which were observed even after allowing for increasing mass and size differences between male and female chicks (Verbeke and Molenberghs 2000) . Month was treated as a categorical factor rather than a numeric variable because it was found that the pattern of changes was not adequately modelled by linear or squared versions of the time variable. We controlled for autocorrelation by fitting a simple diagonal structure as a baseline, which allowed for varying variances but assumed zero covariance. We then reduced the model for each measure by dropping nonsignificant (p > 0.01) terms (Wolfinger 1996) . The three-way interaction was considered first, followed by the two-way interactions, then the main effects if they were not involved in significant interactions. For the purposes of the analysis, sex and month were dummy-coded, with female and the first month, respectively, as the reference categories. For the size-dependent variable, the egg size variable was centred at its mean of 188.93.
All procedures in part I of the study were approved by the 
Results
Variation in egg size and correlations between egg size and tarsus length
Egg size varied considerably (Fig. 1) , with a mean (±SD) of 188.9 (±19.2) cm 3 and a range of 137.9-223 cm 3 (n = 76 eggs; data from both breeding seasons). Chick mass and size were positively correlated with egg size; chicks from larger eggs hatched both heavier (r = 0.765, p << 0.001, n = 76) and with longer tarsi (r = 0.439, p << 0.001, n = 76).
Is motor performance correlated with egg size, tarsus length, or body mass?
Chicks from smaller eggs, and those of smaller size and mass, took longer to emerge from their underground nest. This became evident in part I of the study, in which chicks dug their way out of a 40 cm high soil column. The time that chicks spent in the soil was significantly correlated with egg size (r = -0.698, p << 0.001, n = 25; Fig. 2a ), body mass (r = -0.503, p = 0.01, n = 25; Fig. 2b) , and tarsus length (r = -0.707, p << 0.001, n = 25; Fig. 2c) .
A similar pattern emerged from observations in the resting box, in which activity was measured with motion tracking software (part II). The number of movements per hour was significantly correlated with egg size (r = 0.525, p = 0.008, n = 24; Fig. 3a) , body mass (r = 0.432, p = 0.035, n = 24; Fig. 3b) , and tarsus length (r = 0.533, p = 0.007, n = 24; Fig. 3c ). Three chicks were substantially more active than the rest of the group (Figs. 3a-3c ), but Pearson correlations also yielded a significant result when their data were excluded (egg size and movement, r = 604, p = 0.004; body mass and movement, r = 0.678, p = 0.001; tarsus length at hatching and movement, r = 0.735, p << 0.001; all n = 21). In summary, tarsus length and body mass at hatching predicted subsequent activity.
Do chicks from larger eggs grow faster?
Brush-turkeys grow and gain mass rapidly after hatching (Figs. 4 and 5) . We used general linear models to analyse interactions between egg size, sex, or month (age) (independent variables) and tarsus length or body mass (dependent variables) (see Methods and materials). The resulting model for body mass contained the main effect of egg size, the constituent factors sex and month, and a month × sex interaction, whereas that for tarsus length contained the same terms plus an egg size × sex interaction (Table 1) .
The rapid growth and weight gain after hatching is reflected in the ANOVA values resulting from the mixed model. These show that age (month) had a significant effect on body mass and tarsus length (Table 1) . Males and females, however, differed in their growth patterns, with males becoming heavier and larger than females after the age of approximately 4 months (Figs. 4 and 5) . This maturational effect was reflected in a significant interaction between sex and body mass and between sex and tarsus length (Table 1) , as well as a significant sex × month interaction (Table 1) . For illustrative purposes, males and females hatching from small eggs (less than median size) and those hatching from large eggs (larger than median size) are shown separately in Figures 4 and 5. Initial differences in body mass were maintained during the first 6 months but became negligible thereafter (Fig. 4) . Differences in tarsus length disappeared at a much younger age (Fig. 5) . ANOVAs revealed a significant interaction between egg size and body mass but not between egg size and tarsus length (Table 1 ). In addition, an ANOVA of tarsus length revealed a significant interaction of sex and egg size (Table 1) .
Discussion
Eggs and hatchlings varied considerably in size, with the ratio of the largest to the smallest egg ("size ratio") being 1.62 (Fig. 1) . In a comprehensive review, Christians (2002) calculated size ratios from 39 studies of birds. He showed that size ratios of 1.6 or higher were found in only 38.5% of these studies, with most (49%) reporting values of 1.4-1.59. Price (1998) described egg size variation as percentages and cited the Song Sparrow, Melospiza melodia (Wilson, 1810) , as an extreme example in which some eggs are 70% larger than others. In the present study, the largest egg was 62% larger than the smallest (Fig. 1) . Hence, both approaches reveal that Australian Brush-turkey egg size variation is relatively high.
Our results show that egg size in Australian Brush-turkeys is positively correlated with both body mass and tarsus length at hatching, a finding consistent with those of several previous studies of avian development (Shanawany 1987; Williams 1994) . It is widely assumed that hatchling body size affects subsequent survival and reproductive success (Lindström 1999) , and that this effect is of greater impor- Fig. 3 . Activity level (mean number of movements per hour) for Australian Brush-turkey chicks kept in a resting box after hatching as a function of (a) egg size, (b) body mass at hatching, and (c) tarsus length at hatching. n = 24 chicks. See Methods and materials for details. Fig. 4 . Weight gain of female and male Australian Brush-turkeys that hatched from small and large eggs (as determined by a median split of egg size). tance in precocial than altricial birds (Reed et al. 1999 ). However, there have been few detailed studies designed to test these assumptions.
Brush-turkeys produce the most precocial young of all birds (Jones et al. 1995) . Hatchling body size should thus play a particularly important role in determining early survival. Our findings consistently suggest that egg size (and hence body mass and tarsus length) influences motor performance. Part I of the study indicated that chicks dug their way out of their underground nest faster when hatching from larger eggs. Similarly, part II revealed that such chicks have higher levels of spontaneous activity. The close correspondence between these data sets, which were obtained with complementary methods, suggests that there is a robust relationship between egg size and posthatch vigour.
The main advantage of reaching the surface more quickly is likely that chicks will have more time to find suitable food, refuge, and a tree for roosting at night while they are still feeding on their internal yolk reserves, which last for 1-2 days (Jones et al. 1995) . Hence, there may be a significant immediate payoff of large egg size.
When first searching for food, chicks direct some of their initial pecks at inedible items. They soon learn to peck only at edible invertebrates, seeds, and fruit, guided by an innate search image for common properties of food, such as movement, contrast against the background, and reflective surfaces (Göth and Proctor 2002) . The more time chicks have to learn where and what to eat before their yolk reserve is exhausted, the more likely it is that they will be able to survive a subsequent period of food deprivation or inclement weather.
Energetic constraints may also determine a chick's ability to travel the distances necessary to find suitable thickets in which to hide. Availability of such refuges is important because they provide cover against predators and significantly enhance the probability of survival Vogel 2002, 2003) . Sometimes hatchlings travel hundreds of meters to find cover. In addition, they often travel up to 200 m around dusk to spend the night at the outermost thin branch of a suitable tree (Göth and Vogel 2003) .
Results from work on two other precocial birds suggest that larger hatchlings may not only receive a short-term benefit from reaching the surface more quickly, but may also have a better survival chance overall. In Ruddy Ducks, Oxyura jamaicensis (J.F. Gmelin, 1789), young from larger eggs survived better during the first month than those from smaller eggs, most likely because they were more mature and provisioned with greater energy reserves at hatching (Pelayo and Clark 2003) . In Red Grouse, Lagopus lagopus scoticus, egg size also appears to influence nesting success independently of parental quality (Moss et al. 1981 ). To our knowledge, these are the only two studies of precocial birds that have involved cross-fostering, which is crucial for distinguishing the developmental consequences of maternal effects from those of parental care (Magrath 1992; Williams 1994) . Other studies did not use this technique, but nevertheless suggest that large hatchlings can have greater thermal resistance (Rhymer 1988 Similar results have been obtained in numerous studies of domestic chickens, Gallus gallus domesticus, and domestic turkeys, Meleagris gallopavo L., 1758, reared in isolation. Egg size predicts early posthatch growth, but the correlation diminishes and becomes negligible as the chicks age (Payne et al. 1957; Ankney 1980; Moran and Reinhart 1981; Wilson 1991; Erikstad et al. 1998; Anderson and Alisauskas 2002) . Our findings show that egg size interacted significantly with body mass during the first months of life but not with body size, assessed as tarsus length. This suggests that chicks from larger eggs consistently maintain higher biomasses when they are young.
Our results also indicate a significant interaction between egg size and sex, but only for the ANOVA analysis of tarsus length. This may indicate that effects of egg size on growth differ between females and males. However, sample size in this study was relatively low, and further work will be necessary to confirm this effect.
In summary, the present study indicates that Australian Brush-turkey egg size predicts both body mass during the first month and motor performance. These findings are consistent with the idea that egg size might be a strategy by which females can influence offspring fitness by differential investment. In contrast to other birds, megapodes do not have the option of controlling chick survival by varying posthatch parental care. The quality of the eggs should thus be relatively more important. Currently, it is not possible to interpret fully the considerable variation in egg size that we identified at the population level. Eggs were sampled from several incubation mounds and laid by an unknown number of females, so we cannot determine the relative contribution of intra-and inter- individual factors. Understanding the reasons for this egg size variance would contribute to the debate on egg size evolution in ecology (Bernardo 1996) . In most species, heritability for egg size is high, and variation is thus principally attributable to interindividual differences (Christians 2002) . However, the nutritional state of the female also plays a role (Moore et al. 2000) . In brush-turkeys, food availability is likely to be relatively important because females produce eggs that are remarkably large, relative to their body size. The allometric relationship between adult mass and egg mass in the Galliformes predicts that a 1.8-kg female should produce a 60-g egg (Vleck et al. 1984) . Australian Brushturkey females, instead, produce eggs that are about three times heavier than predicted. In addition, they produce an overall yearly egg mass greater than that of any other bird of similar size (Jones et al. 1995) . Food availability, particularly protein availability, is likely to constrain such an enormous energy investment. Experimental studies will be required to test this prediction and evaluate factors that have been shown to affect egg size or quality in other birds, such as the choice of incubation site (Price 1998) , laying date (Price 1998) , and amounts of nutrients, hormones, and antibodies allocated to the eggs (Nager et al. 2000; Pelayo and Clark 2002) .
